Glutamine plus glutamate (Glx), as well as N-acetylaspartate compounds (NAAc, N-acetylaspartate plus N-acetyl-aspartyl-glutamate), a marker of neuronal viability, can be quantified with proton magnetic resonance spectroscopy ( 1 H-MRS). We used 1 H-MRS imaging to assess Glx and NAAc, as well as totalcholine (glycerophospho-choline plus phospho-choline), myo-inositol and total-creatine (creatine plus phosphocreatine) from an axial supraventricular slab of gray matter (GM, medial-frontal and medial-parietal) and white matter (WM, bilateral-frontal and bilateralparietal) voxels. Schizophrenia subjects (N = 104) and healthy controls (N = 97) with a broad age range (16 to 65) were studied. In schizophrenia, Glx was increased in GM (P < .001) and WM (P = .01), regardless of age. However, with greater age, NAAc increased in GM (P < .001) but decreased in WM (P < .001) in schizophrenia. In patients, total creatine decreased with age in WM (P < .001). Finally, overall cognitive score correlated positively with WM neurometabolites in controls but negatively in the schizophrenia group (NAAc, P < .001; and creatine [only younger], P < .001). We speculate the results support an ongoing process of increased glutamate metabolism in schizophrenia. Later in the illness, disease progression is suggested by increased cortical compaction without neuronal loss (elevated NAAc) and reduced axonal integrity (lower NAAc). Furthermore, this process is associated with fundamentally altered relationships between neurometabolite concentrations and cognitive function in schizophrenia.
Introduction
Schizophrenia is characterized by psychosis and psychosocial deterioration. Cognitive impairment is also common and predicts psychosocial deficits better than psychotic symptoms. 1 Understanding the neurobiological underpinnings of cognitive impairment is critical to develop therapeutic strategies that go beyond the resolution of psychosis. It has been postulated that a glutamate-related process accounts for cognitive impairment in schizophrenia. 2 The N-methyl-D-aspartate receptor (NMDAR) hypo-function model of schizophrenia postulates dysfunction of these receptors in gamma-aminobutyric acid interneurons. 2 Presumably, this results in disinhibition of pyramidal neurons and a paradoxical increase in presynaptic glutamate release across multiple cortical fields and subsequent dendritic and axonal damage. 2 Glutamine plus glutamate (Glx), as well as N-acetylaspartate compounds (NAAc), a marker of neuronal viability, can be quantified with proton magnetic resonance spectroscopy ( 1 H-MRS) in gray matter (GM) and white matter (WM). However, both tissue composition and age have prominent effects on each metabolite's concentrations. 3 Although many studies have measured these metabolites in schizophrenia, samples have been small and brain coverage restricted to a few regions resulting in limited ascertainment of age and tissue composition effects. [4] [5] [6] For example, GM Glx concentration is about twice as high as in WM. 7 In schizophrenia, a disease with subtle but broad GM and WM involvement and progressive structural changes, 8 1 H-MRS imaging ( 1 H-MRSI) is potentially a more powerful tool since it enables measurement in a much larger brain region.
In the largest sample of schizophrenia subjects to date, we used a reliable 1 H-MRSI 9 method at 3 Tesla (T), from a supraventricular tissue slab, to assess Glx and NAAc, as well as total-choline, myo-inositol, and total-creatine from GM and WM voxels. Consistent with the NMDAR hypofunction model we hypothesized: (1) Glx group differences in GM; (2) progressive reduction in WM NAAc as previously described. 7 Finally (3) we expected different associations between Glx and cognition in schizophrenia and healthy control groups. 7 
Methods

Subjects
Schizophrenia patients (SP) were recruited from the University of New Mexico (UNM) Hospitals. Inclusion criteria were: (1) DSM-IV-TR schizophrenia made through consensus by 2 research psychiatrists using the SCID-DSM-IV-TR; (2) if treated, clinically stable on the same antipsychotic medications >4 weeks. Exclusion criteria were diagnosis of neurological or current substance use disorder (except nicotine). Healthy controls (HC) were excluded if they had: (1) any DSM-IV-TR axis-I disorder (SCID-DSM-IV-TR Non-Patient-Version); (2) first-degree relatives with psychotic disorders; (3) history of neurological disorder. The study was approved by the UNM Institutional Review Board. Subjects gave written informed consent.
Magnetic Resonance Studies
Acquisition. Scanning was performed on a 3 Tesla scanner (VB-17; 12 channel head-coil). T1-weighted anatomical images were obtained with 3D-MPRAGE for voxel tissue segmentation (time to echo/time to repetition/time to inversion [TR/TE/TI] 1500/3.87/700 ms, flip angle 10°, field-of-view [FOV] = 256 × 256 mm, 1-mm-thick slice). 1 H-MRSI was performed with a phase-encoded version of a point-resolved spectroscopy sequence both with and without water pre-saturation as described. 9 The following parameters were used: TE = 40 ms, TR = 1500 ms, slice thickness = 15 mm, FOV = 220 × 220 mm, circular k-space sampling (radius = 12), Cartesian k-space size = 32 × 32 after zero filling, k-space Hamming filter with 0.5 width and number of averages = 1, total scan time = 582 seconds. A TE of 40 ms was chosen to improve detection of the Glx signal. 10 The nominal voxel size was 0.71 cm H-MRSI volume of interest (VOI) was prescribed from an axial T 2 -weighted image to lie immediately above the lateral ventricles and parallel to the anterior-posterior commissure axis, and included portions of the cingulate gyrus and the medial frontal and parietal lobes (figure 1A). To minimize the chemical shift artifact, the transmitter was set to the frequency of the NAA methyl-peak during the acquisition of the metabolite spectra and to the frequency of the water-peak during the acquisition of the unsuppressed water spectra. Additionally, the outermost rows and columns of the VOI were excluded from analysis.
Spectral Fitting. Data was automatically preprocessed and fitted using LCModel (Version 6.1 11 ). The simulated basis-sets for sequence parameters included the following metabolites: alanine, aspartate, creatine (Cr), phosphocreatine (PCr), gamma-amino-butyric acid, glutamine, glutamate, glycerophosphol-choline (GPC), phospho-choline (PCh), myo-inositol, lactate, N-acetyl-aspartate (NAA), N-acetyl-aspartylglutamate (NAAG), scyllo-inositol and guanidine. The following sums were also reported by the fitting program: Cr+PCr (total-creatine), GPC+PCh (total-choline), NAA+NAAG (NAAc) and Glx. Lipids (2 ppm -Lip 20) and macromolecules (2.0 ppm -MM20) were simulated using default settings, which include soft constraints for peak position and line width and prior probabilities of the ratios of macromolecule and lipid peaks. Spectra were fitted in the range between 1.8 and 4.2 ppm in reference to the non-water-suppressed data using "water-scaling". 9 Only metabolite values with goodness of fit, as measured by the SD, of ≤20% were further analyzed. This resulted in consistently good quality data for Glx, NAAc, total-creatine, total-choline, and myo-inositol for all subjects (figures 1B and 1C).
Partial Volume Correction. The results from LCModel for the metabolites were corrected for partial volume (using SPM-5 segmented T1 images) and relaxation effects (from literature values), and estimated as concentrations in millimoles per kg of 1 H-MRS-visible tissue water (mM). 12 There was no need to reposition the 1 H-MRSI grid. In order to minimize bias by small errors of cerebro-spinal fluid (CSF) segmentation, voxels were classified as "predominantly" gray (100*GM/GM+WM > 66%), "predominantly" white (100*GM/GM+WM < 34%) or mixed (the remaining voxels; figure 1D ). Finally, regions-of-interest (ROIs) were selected from "predominantly" GM and WM voxels in each hemisphere, anterior (frontal) and posterior (parietal) to the central sulcus. This resulted in 6 ROI's: frontal medial GM, left and right frontal WM, parietal medial GM, left and right parietal WM ( figure 1A) .
Clinical Assessments. SP and HC completed the Measurement-and-Treatment-Research-to-ImproveCognition-in-Schizophrenia (MATRICS) 13 battery. Patients were assessed for psychopathology with the Positive-and Negative-Syndrome-Scale (PANSS 14 ), the Simpson-Angus-Scale (SAS 15 ) for parkinsonism, the Barnes-Akathisia-Rating-Scale (BARS 16 ) and the Abnormal-Involuntary-Movement-Scale (
). Inter-rater reliabilities were 0.8 (ICC) for PANSS positive and 0.6 for negative symptoms. Neuropsychological and clinical assessments were completed within 1 week of scan acquisition.
Statistical Analyses. We implemented PROC-MIXED (SAS version-9) because it uses all available data, accounts for correlation between repeated measurements in the same subject, and can handle missing data more appropriately than other methods. 18 The main dependent variables of interest were partial-volume corrected Glx and NAAc. We also examined total-choline, myo-inositol, and total-creatine (Bonferroni-corrected P = .05/3 = .018), other metabolites frequently reported in the schizophrenia literature. 4 Because tissue type and age are known variables to affect the metabolites of interest 3 and there are progressive tissue changes in schizophrenia, 8 the overall approach for each metabolite for all voxels (dependent variable), involved diagnosis as the grouping factor, tissue type (predominantly GM or WM voxels) as the within group factor, and age as a covariate (omnibus test; we also examined if the quadratic effect of age improved the model). If the groups differed in other relevant demographic, substance use or spectral quality measures, these where entered into the model as additional covariates. The potential confound of antipsychotic medication was examined by adding the olanzapine equivalents-OLZ 19 to the relevant model in the schizophrenia group.
As suggested, 20 the study was powered (80%) to detect a 5% difference in NAAc, with a sample N = 200. To protect against type-1 errors, only the highest order significant interactions or main effects (if no interactions) involving diagnosis are presented in the "Results" and followed-up with PROC-MIXED post hoc tests. 21, 22 Interactions involving age were followed with a median split of 35 (analyses using age 30 or 40 yielded similar results). Interactions involving tissue type were followed with tests for all the voxels in each of the 2 GM (Bonferroni-corrected, P = .05/2 = .025) and the 4 WM ROIs (P = .05/2 = .0125). Relationships with cognition, positive and negative symptoms, were examined in GM and WM, in younger and older subjects, for the metabolites that differed between SP and HC, also with PROC-MIXED (Bonferroni-correction, 7 tests, P = .05/7 = .007). For all tests, we used Satterthwaite's correction for unequal variances. 
Results
Demographic
One hundred 4 SP and 97 HC participated (table 1 and  supplementary table 1 ). There were no significant differences between the groups in age (P = .66) or familial socioeconomic status (SES; P = .80). The SP had fewer females (Fisher's P = .02), more smokers (P = .04) and greater histories of cannabis P < .001), stimulant (P < .001), and hallucinogen use disorders (P = .01). The SP group had worse personal SES (t 194 = 8.4, P ≤ .001) and lower MATRICS overall t score (t 189 = 11.4, P ≤ .001). Finally, all measures of spectral quality as well as GM fraction (GM/ GM+WM), differed slightly but significantly between the groups (Ps between .05 and .001; supplementary table 2).
Neurometabolite Group Differences
Glutamate ± Glutamine. There was a group-by-tissue interaction (F 1,197 = 5.3, P = .02; figure 2; see supplementary text for full statistical model), which remained adjusting for smoking-status (P < .001), gender (P = .007), Glx CRLB (P = .005), SNR (P = .01), FWHM (P = .03), GM-fraction (P = .007), cannabis (P = .008), stimulant (P = .009), and hallucinogen abuse (P = .008). There were no group-by-age interactions after adjusting for smoking (P = .5) and gender (P = .8). Also, in SP Glx was not related to OLZ (P = .3). In post hoc PROC-MIXED, Glx was increased in SP vs HC in both GM (F 1,197 = 19.5, P < .001) and WM (F 1,197 = 5.9, P = .01; see supplementary e- Table 3 NAAc. There was a group-by-age-by-tissue interaction (F 1,9945 = 21.0, P ≤ .001; figure 3); this remained after controlling for gender (P < .001), smoking (P < .001), NAAc CRLB (P = .007), SNR (P < .001), FWHM (P < .001), GM-fraction (P < .001), cannabis (P < .001), stimulant Other Metabolites. For total-creatine there was a group-by-age 2 -by-tissue interaction (the quadratic [F 1,9897 = 32.2, P < .001] but not the linear effect of age [P = .1], was significant). This interaction remained after controlling for gender, smoking, cannabis, stimulant, hallucinogen, total-creatine CRLB , SNR, FWHM and GM-fraction (all Ps < .001). Also in SP, the tissueby-age 2 interaction remained (P < .001) accounting for OLZ. In post hoc PROC-MIXED amongst older subjects, total-creatine was reduced in SP vs HC only in WM (F 1,101 = 11.2, P = .001). These reductions were apparent only in right parietal WM (F 1,101 = 13.7, P < .001; other Ps = .1-.8). For myo-inositol and total-choline there were no interactions or main effects involving group (Ps = .06-.6; see supplementary text). Also, for Glx, NAAc and total-creatine, analyses with duration of illness in the SP group failed to detect effects independent of age (age and duration of illness were highly correlated, r 102 = .89, P < .001). Finally, results did not change in analyses with GM tissue-fraction as continuous and age as dichotomous variables.
Cognitive/ Clinical and Metabolite Relationships
Because of the complex relationships between group, age and tissue, we examined whether neurochemicals affected in SP related to cognition and symptoms in 4 subject subgroups: younger and older, in GM and WM each (corrected P = .007). For MATRICS-overall t-score, the subgroups had different correlations with 2 metabolites (positive in HC and negative in SP), only in WM regions. For NAAc: in younger (F 1,283 = 14.1, P < .001), and in older (F 1,286 = 13.5, P < .001; figure 4); and for total-creatine, in younger subjects (F 1,283 = 19.8, P < .001). These 3 interactions remained after adjusting for smoking-status, gender, NAAC CRLB , total-creatine CRLB , SNR, FWHM, GM-fraction, cannabis, stimulant, and hallucinogen abuse (all Ps < .001). Although suggestive in WM, the hypothesized group differences in MATRICS vs Glx relationships did not survive Bonferroni corrections: F 1,283 = 3.8, P = .05 in younger and F 1,280 = 3.9, P = .05 in older subjects.
Positive symptoms were positively correlated with WM Glx in older SP (F 1,134 = 8.0, P = .005) and negatively correlated with WM NAAc in older SP (F 1,140 = 9.4, Increased N-acetylaspartate compounds (NAAc) in gray matter (GM, F 1,101 = 14.3, P < .001) but reduced in white matter (WM, F 1,101 = 62.2, P < .001) in older (≥35 y) schizophrenia compared with healthy controls. In younger schizophrenia subjects WM NAAc is also decreased (F 1,96 = 12.1, P < .001). P = .003). These correlations remained after adjusting for OLZ, smoking-status, gender, NAAC CRLB , Glx CRLB , FWHM, GM-fraction, cannabis, stimulant, and hallucinogen abuse (Ps = .04 to <.001), but not after controlling for SNR (P = .3 and .08 for WM NAAc and Glx, respectively). Negative symptoms were not related to the metabolites (Ps = .1-1.0), but were negatively related with MATRICS-score (r 96 = −.42, P < .001). Positive symptoms were not related to MATRICS-score (P = .3).
Discussion
In the largest 1 H-MRS study of schizophrenia to date, we find increased levels of GM Glx in medial frontal and marginally in medial parietal cortex. Glx was also elevated in right frontal WM. However, NAAc varied with age in schizophrenia in more complex ways: higher in frontal GM but lower in WM (in all 4 regions), in older subjects. Also total-creatine was lower in older SP in right-sided parietal WM. Myo-inositol and total-choline did not differ between the groups. For NAAc and total-creatine (only in WM), the relationships with overall cognition were fundamentally different between the groups: negative in SP and positive in HC. Finally, among older SP, positive symptoms were negatively correlated with WM NAAc but positively correlated with WM Glx. The 1 H-MRS schizophrenia literature has been summarized in 3 meta-analyses: 1 focused on glutamate and glutamine 6 and 2 on NAAc and other metabolites. 4, 5 When discussing this literature, 1 H-MRS methods (eg, spectral quality), brain region examined and state vs trait issues must be considered. The glutamate meta-analysis reported increased glutamine and reduced glutamate, in medial frontal single-voxel studies, 6 with progressive reductions with age. These results did not appear related to a more ventral [23] [24] [25] or dorsal frontal placement. [26] [27] [28] [29] [30] However, the quality of the spectral fits is not always clear in these reports (except for [27] [28] [29] ) and the samples were small (9 to 30 for the schizophrenia groups 6 ). More recent studies reported increases, [31] [32] [33] [34] [35] reductions 25, [36] [37] [38] and no differences 39 in Glx or glutamate. Two 33, 34 of the 5 recent studies documenting elevations involved more ventral regions. Of particular interest are studies in unmedicated patients which consistently report higher Glx (in striatum, 34 hippocampal 33 and medial frontal regions 35 ) and normalization with antipsychotic treatment. We previously reported increased glutamine but normal glutamate in the dorsal anterior cingulate. 40 We included 72 medicated SP and 76 HC whom also participated in the present study. Since glutamine involves about one-third to one-fifth of the Glx signal 41 we speculate that our current results of increased Glx may represent primarily elevations in glutamine. Also, our present findings document a much smaller increase in Glx (2.6% in GM and 1.4% in WM) than most previous studies. For example, in the striatum of antipsychotic-naïve schizophrenia, a 10% increase in Glx was reported. 34 Following a 4-week treatment the elevation was only 6% (not statistically significant, with N = 40). The short-term longitudinal studies 33, 34 strongly support that antipsychotic treatment has a normalizing (reducing) effect on Glx. However, our findings support that at least in more dorsal medial frontal cortex, a small increase in Glx persists, despite antipsychotic treatment, suggesting a trait effect.
Many schizophrenia studies have examined NAAc mostly in large single-voxels with mixtures of GM and WM. The meta-analyses 4, 5 are generally consistent in supporting NAAc reductions in the hippocampus, thalamus, frontal and temporal lobe, with no apparent differences between GM and WM nor differences related to stage of illness. However, these analyses did not consider criteria for quality of spectral fits nor partial-volume tissue correction, factors known to affect metabolite values. 42 In addition to the unaddressed methodological heterogeneity, only 8 of the 103 studies were powered to detect a 10% difference in NAAc (with SP, N ≥ 39). 4, 5 Furthermore, there were only 8 1 H-MRSI studies, and only 2 with SP samples ≥39, 4 both of which focused only on one structure: the thalamus 43 and the hippocampus. 44 Hence the likelihood of detecting subtle cortical GM vs WM tissue differences in the current literature is slim. We detected a 2% WM NAAc reduction and a 1.3% GM increment, but only in older (>35 y) SP. In addition, we found that WM reduction (1%) is apparent early in the illness (these NAAc differences represent small effect sizes, supplementary table 2). Our results converge with the first 1 H-MRSI study 45 : in supraventricular WM, NAAc was reduced (9%) Fig. 4 . Opposite relationship between white matter N-acetylaspartate compounds (NAAc) (age-adjusted) and Measurement-and-Treatment-Research-to-Improve-Cognitionin-Schizophrenia (MATRICS) overall score in schizophrenia and healthy controls (F 1,571 = 27.9, P < .001).
among SP (age range 34-54); GM NAAc was increased (3.8%), though not significantly (N = 19) .
The meta-analysis that examined total-choline and total-creatine in frontal, hippocampus, basal ganglia, and thalamus found no group differences. 4 In our study of the dorsal anterior cingulate, we did find higher totalcholine in SP but no differences in total-creatine. 40 Again, the current study is by far the largest to examine these 2 neurometabolites in schizophrenia.
What is the biological meaning of these admittedly small group differences? A glutamatergic-mediated excitotoxic process has been postulated in schizophrenia 2 and 6 genes involved in glutamatergic neurotransmission were identified in the largest genetic study (however, the 108 total loci identified only accounted for 3.4% of diagnostic variance, highlighting the frustratingly small biological effects often seen in schizophrenia 46 ). Early in the illness we find an increase in Glx in GM and WM, consistent with greater glutamatergic turnover. 47 Later in the illness this process remains, but additional differential tissue-specific changes occur: in GM, higher NAAc suggestive of neuronal compaction 47 ; in WM, reduced NAAc and total-creatine, suggestive of axonal dysfunction and altered energy metabolism, respectively. Longitudinal GM (0.6%/y) and WM (0.3%/y) volume reductions (which decrease with age) have been documented in schizophrenia 8 as well as in un-affected twins, 48 suggestive of disease progression. However, there is no widespread neuronal loss or gliosis 49 suggestive of classic neuro-degeneration. Still, cortical neuropil reductions (23% but only in deep layer III 50 ) and increased neuronal density (17% in layers III-VI 51 ), have been found. Furthermore, glutamatergic excitotoxicity can selectively retract dendritic spines in animal models 52 and sub-chronic NMDA blockade leads to spine reduction as well as an increase in astroglial processes. 53 Axonal dysfunction could be a consequence of the cortical glutamatergic process. However, increased Glx in right frontal WM early in the illness could directly affect axons and result in NAAc reductions. 47 Overall, our findings are consistent with an NMDAR hypofunction process of glutamatergic sub-lethal excitotoxicity in GM and WM, which progresses but without neuronal loss. Effective antipsychotic treatment probably reduces glutamatergic turnover but not enough to completely arrest the underlying process.
In terms of potential clinical significance, the disrupted neurometabolic pattern is associated with broad cognitive impairment, a core deficit in schizophrenia. The normal positive relationships between NAAc and totalcreatine (in WM), and cognition are inverted. The fact that these relationships are present early in the illness, regardless of whether the neurometabolite is decreased (WM NAAc) or unchanged (WM total-creatine), suggest that tissue adaptations underlying cognition precede the evolving excitotoxic process. In a subsample of 64 SP and 64 HC included in these analyses, we reported that despite reductions in fractional anisotropy (FA), the schizophrenia group had a negative correlation between FA and MATRICS-score, while the HC had a positive relationship. 54 Hence, the microstructural organization of WM in schizophrenia appears to support cognition in a fundamentally different way. The relationships with psychosis are not consistent with our previous report of a direct correlation between dorsal cingulate glutamine and positive symptoms. 40 Hence findings with respect to correlations of neurometabolites with positive symptoms need replication.
This study has several strengths. 1 H-MRSI allowed examination of supraventricular GM and WM regions known to be involved in schizophrenia. 55 The large sample included a broad age range. Voxel tissue-composition and age are known to have large effects on the concentrations of 1 H-MRS neurometabolites. By accounting for these factors we detected subtle differences between groups, but also in relationships with cognition. However, limitations must be acknowledged. First, spectral resolution did not allow separation of glutamine from glutamate or NAA from NAAG. It may be that NAAG increases in GM latter in the illness to down-regulate a higher turnover of glutamate in these subjects, 56 resulting in elevated NAAc. Also Glx levels do not measure the rate of glutamatergic metabolism. Second, brain coverage was limited to supraventricular tissue excluding outer cortical and ventral GM. Although not systematically evaluated, other studies with smaller samples have failed to detect abnormalities in dorsal regions. 7, 35, [57] [58] [59] Also, several studies suggest that glutamatergic increases may be more robust in ventral brain regions 23, 24, [33] [34] [35] [60] [61] [62] with effect sizes larger than here reported. We are currently implementing a whole-brain 1 H-MRSI sequence. 63 Third, the SPs received antipsychotic medication. Though covariance with antipsychotic dosage did not change the findings, antipsychotics can reduce hippocampal 33 and striatal 34 glutamate. Hence, the small elevations we report may be moderated by treatment. Fourth, a minority of SP also were taking other psychotropics. Though the available literature is generally mixed, some studies reported that lithium may increase NAAc, valproate may decrease Glx and antidepressants may reduce total-choline (reviewed in 64 ). Fifth, smoking and prior illegal substance use were more frequent among SP and could contribute to increased Glx; however, co-variation of these measures did not change the results. Six, we did not measure water T 2 so age-by-group effects could be confounded by errors in water quantification. Seventh, a shorter TE acquisition may have been more sensitive to potential myo-inositol group differences. Finally, this was a cross-sectional study, so mechanistic interpretations are inherently limited.
In summary 1 H-MRSI spectra from a large cohort of SP and HC revealed subtle neurometabolic abnormalities superimposed on larger tissue and age-related effects. During the course of the illness, GM and WM abnormalities are consistent with greater glutamatergic turnover.
Later in the illness, additional differential tissue-related changes take place, consistent with neuronal compaction in GM and axonal dysfunction in WM. These findings supplement the large morphometric literature in schizophrenia that documents neuro-progressive changes. 8 Longitudinal studies examining whole brain 1 H-MRSI early in the illness will further clarify the mechanism by which increased glutamatergic metabolism contributes to the pathophysiology of schizophrenia. This line of translational investigation may identify subgroups of patients, for whom drugs, such as metabotropic MGluR2-3 agonists 65 may be particularly helpful to prevent cognitive decline.
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